The Linear Boltzmann Transport (LBT) model for jet propagation and interaction in quark-gluon plasma (QGP) has been used to study jet quenching in high-energy heavy-lion collisions. The suppression of single inclusive jet production, medium modification of γ-jet correlation, jet profiles and fragmentation functions as observed in experiments at Large Hadron Collider (LHC) can be described well by LBT in which jet-induced medium response is shown to play an essential role. In event-by-event simulations of jet quenching within LBT, jet azimuthal anisotropies are found to correlate linearly with the anisotropic flows of bulk hadrons from the underlying hydrodynamic events.
Introduction
The strongly coupled quark-gluon plasma (sQGP) created in high-energy heavy-ion collisions at the Relativistic Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC) has three extreme properties: It is the most perfect fluid with the smallest value of shear viscosity to entropy density ratio η/s ≈ (1 − 2)/4π [1] ; it is most opaque to energetic jets with the jet transport coefficientq/T 3 ≈ 4 − 8 [2] ; and it is also the most vortical fluid in nature with a global vorticity ω/T ≈ 0.001 [3] at the initial temperatures T ≈ 370−470 MeV. These properties of sQGP all involve the collective expansion of the hot QGP medium as governed by relativistic viscous hydrodynamics with fluctuating initial energy density distributions. The initial energy density fluctuation would propagate through the hydrodynamic evolution like sound waves and determine the azimuthal anisotropic flows of the final bulk hadrons that can be used to probe the transport properties of the medium. One interesting question one can ask is what happens to the energetic jets that propagate through this fluctuating and expanding QGP and how the bulk medium would response to the propagating jets as they deposit energy into the medium. This question is particularly important for the study of reconstructed jets in heavy-ion collisions since the jet-induced medium response will contribute to the energy inside the jet-cone which would become correlated with jets and cannot be subtracted as normal uncorrelated background. Jet quenching on another hand will also depend on the fluctuation in the initial energy density distribution and its azimuthal anisotropy should become correlated with the final bulk hadron anisotropic flows which are determined by the initial energy density fluctuation through hydrodynamic expansion. Such correlations can therefore serve as a hard-soft tomography of the QGP in heavy-ion collisions.
LBT model
The Linear Boltzmann Transport (LBT) model [4, 5, 6, 7] has been developed to study jet propagation and modification in dense QGP medium with medium response particularly in mind. It tracks the propagation of the recoil partons from each jet-medium interaction in the evolving bulk medium as described by a (3+1)D relativistic hydrodynamic model. The interactions between the jet shower partons, recoil partons and thermal partons in the medium are described by the linear Boltzmann equations with both elastic and inelastic scattering matrix elements given by pQCD. The inelastic processes in LBT include only induced gluon radiation accompanying each elastic scattering. The radiative gluon spectrum is simulated according to the high-twist approach [8, 9] . The probability of elastic and inelastic scattering in each time step are implemented together to ensure unitarity in LBT.
In the Boltzmann transport, initial thermal partons in each scattering are denoted as "negative" partons and are allowed to propagate through the medium according to the same Boltzmann equations. They are part of the jet-induced medium excitation (j.i.m.e.) as the diffusion wake behind the propagating jet shower partons [5, 4, 6] . Their energy and momentum are subtracted from all final observables. The (3+1)D CLVisc hydrodynamic model [10, 11] is used to provide spatial and time information on the local temperature and fluid velocity of the bulk QGP medium during jet propagation. Initial production of jet shower partons per hard nucleon-nucleon collisions is simulated through standard Monte Carlo programs such as Pyhtia. The only parameter in the default version of LBT is the strong coupling constant α s which is found to vary with the colliding energy (0.3 at RHIC and 0.15 at LHC) and is an effective coupling constant for the strong interaction that is regulated by a Debye screening mass. The anti-k t algorithm is used for jet reconstruction. 
Modification of γ-jets and suppression of single inclusive jets
LBT model has been employed successfully to describe light and heavy flavor hadron suppression [7] , γ-jet modification [5, 13] and single inclusive jet suppression in heavy-ion collisions. Shown in Fig. 1(left) is the p T distribution of γ-triggered jets in central Pb+Pb collisions from LBT as compared to CMS data [12] . Both LBT results and the data show clearly a shift of the distribution due to jet energy loss. One can calculate this jet energy loss within LBT mode which is defined as the difference between the final jet energy in heavy-ion collisions and the corresponding jet energy in p+p collisions from the same initial jet shower partons. As shown in Fig. 1(right) , the average jet energy loss increases logarithmically with the initial jet energy and the inclusion of medium response reduces noticeably the energy loss. The inclusion of medium response in the jet reconstruction can reduce the final jet energy loss as much as 30% for jets with initial jet energy about 400 GeV. The medium response also enhances considerably the jet profile at large radius [13] as shown in Fig. 2(left) . To study the hard-soft correlation due to event-by-event (e-by-e) fluctuation of the QGP medium, we have carried out e-by-e simulations of jet quenching in Pb+Pb collisions at LHC with 200 fluctuating hydro profiles for each centrality. The hydro profiles are generated with CLVisc model [10, 11] with fluctuating initial conditions from the AMPT model [15] . As shown in Fig. 2(right) , e-by-e simulations from LBT can describe well the averaged suppression factor of single inclusive jet in heavy-ion collisions with different centralities. In these e-by-e simulations, one can also calculate the jet azimuthal anisotropy v jet 2 which has a clear linear correlation with the elliptic flow of the final bulk hadron spectra from the underlying hydro events as shown in Fig. 3 (left) . Such hard-soft correlation can be employed to study the initial energy density fluctuation and transport properties of the bulk QGP medium.
CoLBT-hydro
Under the linear approximation (δ f f ) in LBT, interaction among jet shower and recoil partons is neglected. This assumption will break down when the jet-induced medium excitation becomes comparable to the local thermal parton density. To go beyond this region of applicability, a coupled LBT and hydrodynamic (CoLBT-hydro) model [16] is developed in which jet transport in LBT is coupled to the hydrodynamic evolution of the bulk medium in real time. The coupling is through a source term in the hydrodynamic equations determined by the energy and momentum deposited by the propagating jet shower partons. Shown in Fig. 3 (right) are medium modification factors for γ-hadron correlation as a function of ξ = log(p
CoLBT-hydro as compared to experimental data from PHENIX [17] and STAR [18] . As one can see, jet quenching leads to the suppression of leading hadrons from the fragmentation of γ-jets at small ξ. At large ξ, jet-induced medium excitation (j.i.m.e.), however, leads to an enhancement of soft hadrons. The onset of the enhancement is found to occur at a fixed value of p h T ≈ 2 GeV. We have also calculated the modification of γ-jet fragmentation function and will report the results in a separate publication.
Summary
In summary, γ-jet, γ-hadron correlations, suppression of single inclusive jets and jet azimuthal anisotropy have been studied with the LBT model and CoLBT-hydro for jet transport in heavy-ion collisions. The ef- in Au+Au collisions at RHIC and Pb+Pb collisions at LHC as compared to data from PHENIX [17] and STAR [18] .
fects of jet-induced medium response are found important for the description of jet energy loss, modification of jet profiles and fragmentation functions. The azimuthal anisotropy of jet quenching is found to correlate well with the geometry fluctuation of the initial energy density and the bulk hadron anisotropic flows.
